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SIZE EFPZOT IN YIRLD STRENGTH IN ALUNINUM 8INGiE CRYSTALS

!

- Although wh research has baen devoted to ths effect of surface ocondi-
tions on the mechanical propertiss of metal asingle orystals, the questica of
o8lse eifect v.ith and without surfase {ilms has been rather .opnmly considered

. . 1 N
uxperimentally. The Grdffith smask t,‘-‘..e'.-,-( ) wad 4ullc Susteestud i SRpALRLIT~

ing alse sf%sct in glass and, before the advent of dislooaticn theory, was

considered adsquate in explaining nise effact in metals. The snocess of the
* disloaation thecry in explaining, esong cther phenomens, the low value of

yield stress,as compared with the thsorsilcal. vtrength, bas displaced the

: mith orask theory au applisd to metals. a;,,?ﬁ
Very good reviews of the effect oi' su~face conditions on properties of “ :
motal orystals exist: among thess ths vecsnt "Syzpczium on Properties of ;’%

Netallic Surfaces® of the Institute of Metals'2) and the compilation by
Brown(3} should bs noted. Of the ressarch on sise effect in single arystals,
perbaps ome of the earliest was that of Ono'®) who pulled single arystals of
alun! nun of various siszes. Later work by Naddin and Hibbudcs) on alpha
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bress single éry;tals was incomplcte since the orystals varied froz 13 mm.

to oniy 3 mm, on an edge., Dsapite the insufficlent variation in crosa-sestion,
a small aise effect was noted. More recentiy, liald.n(é) sxtondsd single
orystals of caduium, both cless and oxidised, from 1.1 to 0.025 mm.x diamster,
Here a datinite sise affect was noted both for the slean and for the oxidised

crystals.
= # Assooiate Professor of Estallurgy, Tiw Jolms Hopkind Uniwersity, Bultimore,
B Maryland, on leave 195k a Visiting leoturer in Metallurgy, The University

of Birzingham, Birminghas, England.
#% Ressarch Assoclate, Ths Jolng fopkinz University.
s#x  Ravearch Assistant, The Jolms Hopkins University,

(1) References will be found at the and of the paper.

RSN o R T
2 AR A AN 5, i, re, €
AT L TR B T e T

R




S S —

-2-':

Since seeding techniques for growing c:ysials have provided relatively
easy methods for growing different sise orystals with the sams orientatiom,

_ 4t was considsred desirabls to investigate the effest of sise and its

relation to the shear along glide planes.

RXPERIMENTAL PROCEDGHE
Large Specimens o

Aluminum, 99,997 per cent pure, supplied through the courtesy of the
'Aluld.nmconpmyotkmicamcmmudimoungh orystals 12 inclwe
leng by 1/16 sneh square up to 10/16 inch squste in 1/16 inch intervals heving
the same orientation. The =old consisted of a scotioned high-purity graphite
rod in which there were milled ten square boles with & ocumon simk at ths
bottom of the assembly. Noltea aluminum at 870°C was poured inte the mold
held at the same temperature and coolsd from the bottom by means of a 0ool-
ing blocks |

The rods were stohed in Aqua Regia, out into six inch lengths and x-rayed
to determine thsir orientation, Only those wiih identical crisntations were
chosen for the tensile tasts. The center thres inoh seotion of each specimen
waz mechsnioally polished through LOU emery, etched snd homogenised for 24 |
hours ‘at 600°C, Following the homogenisation ireatment, they were slectro-
1yt16ely polished (1:2 HNO, = CH,0H solution) and finally oheuisally polished
for 15 minutes in ALCOA R~S bright dip. All dimensioning of croes-sections
was made just prior to the last five minute bright dip.

An edge of each of tim spscimans to be tested was fitted with a Baldwin
SR=lj typs A-8 strain gage held with Dvoo cément; ths speoimens were .pulled
tc a constant siracs of 580 pei (L1l g/né) in an Ol;aen Flastiversal machins
i a strain rate cf 0,005 per ssccnd, |

* Interferometric measuremsnts of shear were made &n two adjacent sides

of the specimens from representative interferograme. Siip lins acunts waw
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made at x 200 and averaged from &b lsast three individual counts on
adjacent faces on each specimen.

- ‘Becausc of the sase with which saall dismeter single erysisls of
dﬁ{nﬁmmvbomd,itmmmmtouaasmm;gcm'
to determine the "yleld®. A sketoh of the spperatus 18 shown in Fig. 1.
m:mmmmmwammuh{m kelite block. One end
of the specimen was polished down to a snall diemeter and soldered in
place inside a drilled-out s0ldaring pencil. A spring hock cla=ped to
r the other snd, ras connected to a string from which = ecrnested pan
could te loaded with weights. The assembly was zounted on the stage
of a microssope. MNotion of the specimen was measured with a oalibraied

wd ans.

Sue
IO paacT

The s=mall spesimens wers prepered by elsstirolyiisally polishing & (
1/16 inoh square single orystai down to the desired dissstes (fram 90
to LOO microns), after which they were bright dipped from S to 15

3 minutes, The polishing caused ths spsoimens tc assums a necked appoar-
ance as shown in Fig. 1. The minimum diameter of the neck was m

Sar i

in two positions at right anglev ¢~ each other and the average used to
compute tho cross sectional area. .

The use of nécked specimsns has soms disadvantages but there was
no s'i-plo way to scours @ specioen of unifora cross sectional area in
the range 107> to 1072 ma? while still making use of the 1/15 inch
square orystz}l whose orientation was the same as that of the larger

orystals. The friotion of the apparatus could be Setermined after the
speciner had fractured.
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Resulte ‘

The serivs of large orystals dssisuated as MNP were extended at a comstant
strain rate of 0,005 par second to a constant strass of. 580 psi (L11 ‘g:/'-z).'
The series of stress-strain ourves 1s shown in Pig. 2. 5inoe no sharp yleld -
was noted for these orystals an arbitrary “yleld" was defined as the éroju-

tion of the linear section in the plastio region bask to an intarseotion with -

the ordinate. In the oase of speoimen &F 3/16 zhick was not extendsd well |
into the plastic region, the stress-strain ouvrse m extrapolated sozswhat.,
The uncertainty of the yleld point for MP 3/16 ia consequently greatér than
for ths other large specimens. If ~ne mekes the assusmption that the slopes

"of the linear portions of the stress-strain carves iz ths pleetic region are

all about the sams, then it is clear that the "yield stress® of WP 3/16 is
greater than ial of the other large specimens. The differsnce in the amcmnt
of elong;tion a8 compsred with the size of the specimen is particularly
interesting in that it agrees qmnuuw}y with the earlier observations on
alpha brass(.s). '

Por the amall nsoked specimens the stress-is groatest at the neck and
the strain consoquily varies along tha specimen axis. It i= not poasills

to relate the extension observed at a glven load to the strain at a certain

- position ir tha specimen without a detailed Imowledge of the specimen shape

and goms 4nwolvad calowlatinss, Therefors only load-extension data are

plotted for these specimens. The linear portion of the lcad-extension surve
is projestad back to the ordinate and ihi= lovd divided by the minime ares

s 4y 7 &nQ

' "at the neck before loading is taken to be ths "yleld ztrass", Mige. &, 5 and

.6 are the load-extension curves Tor the amall spesimons used. 7The uncertainty

of "yield streza" for thesu small specimens iz estimated to be £ 10% duw to
lack of precise knowiedgs of the aross ssctional shape.
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Table I gives tha stress at "yleld" for the various specimens.

TABLE I

Spec. Mo. Stress at "Tield" Resolved Are

. = M-
¥P.1/2 ’ 206, . 988 8
WP SA6 o2 136 55.5
¥P 1/4 322 : 185 33
WP 3/16 N LSS ' 192 20.8
w0-x 1600 - BT 0,36
w0-8 3300 1,80 0.036

MO 31700 1660  0.026

Fig. 7 18 a plot of the log of the yield stress versus ths log of the
cross sectional ares. Within the ascouracy of the measurements, the "yield
stress" is inversely proportional to ths 1/3 power of the area. Initial
orientations of the specimens extended are shown in Pig. 8. :

The mumber of slip bands was counted on adjacent faces opposits tbe

attﬁiﬁgsgatwthegagqiangthéflldﬂmdmolﬁ"one;ther:idaofm_

gage length, The average from a minimum of three comts was recordsd.. The
average shear height, 3, was determined by interferometric techniques aud
from this h, the contribution of the band to the elongation. was calculated.
The iotal elongation measured interferomstrically is the produst of the
averagemmberofaltpbaxida by the average contribution of a slip hand o
the elongation., Table II compares the interferometrically mesasured elonga-
tion A f; with the strain gage measured elongaticn Al, for various sised
specimens 81l pulled to constant stress.
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TABLE 11
Spec. No. Average No. of Average

o SR et Skl W
N6 51 50 Sl 29809 k100
14 T 540 530 . 25500 15000
7T I T 520 510 3090 . 35000
1/2 gy 455 450 25620 38800

Discusalon

The data in Tabls X seem to indicate that a sise effect in yleld strength
exists. ‘However, the data should be ocnsidered tentative for there are several
effects whose imporianocs has not &8s yet boen ascertsined hat sigit savse
mucsh of the effect to disappear. For the large specimens, strain wal muured
by means of a resistance type strain gage which was cemented to the erystal
surface. (The gage has a papsr base %o which the resistancs wire is bonded).
The force nscessary to extend the cemented strain gage will be a relatively
ln'gew fraction of 'the applied force for tho smaller orystals. The cesment
might also aot as a tough skin which vonld interfere with the normsal gliding
astion of the lamellas during 'dsfgmtian,_ This wounld raise the yial_é strength
as the fixed area of the gage would cover more of the surfage exrsa of the
so3ll orystals than of the large onu.

Anotber guestion about the data obtained on the series of large orystalas
is the fazt that only the two isxrgest arystals showed the same modulus of
elastioity (19 x 100 psi) and no syecismen showed the correct modulus. The
two other crystals showed much lower modulis 7 x 10° pei for the 1/4*

crystal and 5 x 105 psi for the 3/16" orystai. Since the modulus of elastioity

. of aluminum varies only between ibw limits of 6.k x 10° and 7:7 x 10% g/m?

(9.1 x 16% and 1.09 % 207 psi) regsrdless of orientation according o
Barret.t(n, a sarious systematic error in the erveriment is indicated.
Thers 13 no neceasary ralationship between the failure to get tha correct
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modulus of elasticity and the sise affect of yleld point, but it would oer-
tainly be in arder to deternine the cawse of this variation of the moduld.
Poniblyanm mthoztuinnm@fng. 2uizu.

u-mmm. tmmdmehdopaclmmmé&autdby
neoessity. The -oat serions datnt 1.n ming necked apoom prcbubl; 18

the variation of shearing atress ;lon( the snp plam. 'If the s‘.up pl.n.n. -

makes a very asute angls with the stress axis, the alipplunwh:nm
regions of very low sheuring siress and dther regions with higu abearing
stress. It 1o not clear how the dats from nnpkod apochlu'l relates to the
dnurronspoeiun- with uniform oross section. Itu shuninlppmdixl
that 3 parabolic relationship betwaen mua And atrain is only nodiﬁod by
a oonscant fastor wheo dealing uithuobdapnim m, the derivation
applies only to the case where differential volui alounta can be conndorod
tobomomcudbymhurpauhmu u snpphnu Inothu'
werds, the derivation would apply to & meoked polymatallin. spooim out
not to a necked singie orystal speo!.un. 7

"If the effects of the cementss atrain gage prove to be negligible, the
size effagi in yleld strength 10 of sonnhat swprising mgni.tudo in visw of -

" ths results of other :lnmtigatore(6) (8), wakin studied the strength of

cadaium crystals from 1.1 mm diameter down to 0.025 == diametar, both with
and without an oxide film. Hls resulds are shown in Pig. 7 and spparently

" the oritical shear stress is independent of sisze above J,7 =m diameter.

For the alumimm mstm roported here, thers is & measurable inorease in
yield stress batween the 5/15" square (8.7 s=) aud the 1/2* gquare (12.8 wm)

- orystals. The oritical shear stress for Makin®s smallest specimen (0.025 sm

diameter) is only a faotor of 3 or so times that of the largest specimens,
while this data shows a factor of 18 frouw the smallsst {0.16 sm dis=etex) to
tis largest (1/2" square). Bowever, cadaius has a hoxagonal. olosa-packed

RO o ostioe R o e
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structwre, whilas du:lmm has a face mwod ouhlc struoture, and one ohoum
not expeot identical behuvicr froo ho?,h -uh.

anoidabhwum«'dmcdhmmwcmmamiuu;

'M&htﬁs»t&omﬁmdhonwhofmmimmmu

sttributable to ‘the axide and baw mach to the alusimum: Aluxinos oxide hes
mwmmwm(mu/-’)m.ummn-mu-
uutm&mmmamm.wmummmu |
contribute oonsiderable tensile strength to a smsll specimen. That this is
mlihlycmbenhmmbyamwboalouhtm. Alvminom oxids has & modulre
of elastioity of sbout 1 x 10° pet (107 ga/mml); and, 1f 4t hes a high
yield siress in tension (say 10° ga/me2), the yleld point would pot be resched
mmstrnmoftb.urdorotla‘aoru. At strains of 1070, nowever, tis
specimen has siready mdcrm e:‘-ar.s..va -np which wonld LFeak the a:ldo

"film in many plnu. '

‘rhomaofm-nyhawaniwtmemnmhyamgnahﬁdc
to the movenent ot.dhlooa.tionl. In order to cause a sirs effect in yield
atringth, SOmS means ooald be postalateld b .....ch sors Hslocations are plled .
up at the oxide ccating of 2 large aryzial thap for a small orystel for a
given applied stress, Doubtleasly many mechanisms oan be devised to accomplish
this end. One possibility is to sssume that there is a constant density of
mhqhddialmtiommiczwatﬂ. Under an applied stress=, t.hssedulou-

- tioas would move io the oxide barrier. In a large orystal thers would be a

goeater probabllity of getting & large number of dislocations plied uwp
along one slip plane; and, sincs the .0-,.‘, in fmont of = dislncations is

VAL W

1 times the applied streass. t.he largs ar-;s'-uls might be expeoted ts yield
at a lower applied stress. iscinar nossibility of piling up move dislcae~
tions at tra surface of s crystal is 45 nvte afier Hott'D) the longth of
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sl1p plane svailable for staring dislooations 1s larger in a large speoimen
then in & small one, on the averrgu. The formula of Eahelby, Frank and
Neberro 19 gives the mfm&d to pile wp = dislocations against &
barriar. ‘The n dislocaticns will be confined ¢o a distanse [ along ihe
slip plawm, ;

['_._. nub
. rr#a*k

and e ghear modulus, b is the Burger’s vwoios’y X ® nuuerical oonstcns-
near unity, | :

‘ For a given applied stress, tbe ratio of n to L is constant regardices
of specimen sizs. S8inece the distance L is wore lilely to be large in a
large orystal, a given appiied otress will pile up more dislocations agaipst
the oxide barrier in a large specimsn on ithe average, Mottt has lha-n(” that
the length L to hold 1000 dislecations in an aluminum single orystal for s
typicel strecs is 0,05 om which impli=s that a siss effect in yield strength
is possitls 4a the o1 =m o 1 mm range, This second mechanism would use a
Prank-Read sourae to generate dislocations and would avoid the difficulties
_in the unlocked dislocation argusent in getting sufficient nmbsrs of dis~
logations on one slip plana to funoction as a large stress consentration
factors In view of the uncertainty of the dats, furthsr spacmuqn on the
sise sffect in yleld strength serves little purpose.

The data of Table II are difficult to understand, The two lergest
crystals show an interferomeirically measured elongatien 411 which is less
than 4 1,, the slongation deduced from the strain gage. This is reasouzdble
singe there ia wtrong evidence to support the hypothesis of fine llip(u)(u)
(13), 4.4., 81ip beldw the 1imit of resclution of the multiple beaa inter-
feromater and the elestron microsdops. (The interferomster used can dotect
differences in height of 100 £ or wcre),  The different methods of msasuring
elongation agrae within 15§ for the 5/16" erystal lnd 35% for the 1/27

. _.
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érstal. This is in qualitative sccord with the reswlts of Wilsdorf and
Kublman-Wilsderf who foimd 10% fine slip at LS a;rm(u).

For the two szaller orystals, 14" and 3/16, the interferometsically
measured elongation is groster than the strain gage wessured elongajion and:
the differencs 18 not & ewall (10% apprex.) effoct. Por the 1/L" crystal L
Aly 18 moofwnuo' Al a.ehlf;p 1. For the 3/16* aryetal AL, 14 25500 X
while Al; is 15000 . At present no explanation 1s offered for this aaults -

The sEeriment ehoild be repacted wth a typa of strain gage which oaites

suoch less interferenca,
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APPERDIX I

The uwsual praciios in determining the strems-ctrain rvlationship with
the use of & speoimen cf Wniform cross-eectionsi wre appeaved tos diffiowlt
to apply to single ergitals in the 100 to k0O mioron dismster rango. T
easiest method of perforaing the m:perimtl appsared to be the onw ountiizad
in the text which uses neoked specimons. The question mly arises a»
to the fenotional relationship between etress and strain (or losd and extension)
for spacimens of varying oross-section as compared %o that for a specinen of
uniform cross-seotion, It can be showm M for & linexr M-.wn relation-
abip, the load-extenslon curve of a spueime: of varying oross-esotion will
also bo linear, If the stress-strain curve has a horisontal portion then the
load-oxtension curve of a specimen of non-wrdfora crcss-section will not show
a horisontal segment unless the srscinen has an appreciable lungth of constant
orcss-section. The stresa-strain ouvrves of the small aluminum cryst.ah‘ show
& parabolic relationship between strnss and strains, i.e. stress is porporticoal
tC tie square root ¢f the sirain. As shown below, the assumption of a para-
bolic rslationship batyeen atress and strain Mn a parabolic relationship
between load and extensicn ior a necked spscimeg,

Consider the appearance of a typical specinmen as chown achematically 1n

. Fig. 11. Becau=ze the cross-sectional sreas A1 and A.‘, away {rom the neck are

50 to 100 times thet of-Ay, the area of the nack, it may be assumed that the
entire extsnsion of the specimen ooccurs at the necked portion in the length -
=eried }«o. A fair approxization to the manner in which the radius off cross-
secticn at the nsck varies alung the specimen axis is a hyparboia., Ifig. 12
shows the range of shapes enccuntered in these sxpariments. For eanh

infimitesimal length of specimcn dx Vhe sireds i will Causs & seoona

order infinitesimal inorease in length dzx. For a parabolio strsss-etrain

e e A AR P
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dmlsor - dl-j-ngT,_ dx

- i )
relationsiaip we have - d‘x){ | A 2 ﬁyt ,.”"(d‘i‘b x!/t

dx
FZ“' (a4 b z)

= ﬁ"% [YW'{- -;'km Lz]

m:uwro.wmmm Pig. 13 i3 a plot of 41 for

various valuss of b, Fer boo, ihs lgpesitola dageperates into a straight
1ine and the specimen becozes a cylinder, Tt is e-:.pnmt. thet 4L bmg, %ho
half length of the specimen x, nsed be only 2a in order that the total
extension at a given ¥ bhe within a few percent of the total an of an

infinita lenath hyvnarhalia aneaimm {at tha anma _P)= It ia alan ssen how

s 2 aaind

auch less the necked. apeaims- Sth xx2s will deform than & oylinder of the
sume length with a aross-scotional area a2 (the minimum ares of the neck).

The i=portant point is that thesame functional relationship will be
odbtained for the load Mlowourv\ﬁ of & epocimen of uniform cross-sectional
arsa (%) as for a necked specimen (bfo) except for a different sultiplica-
tion constant, This is 1llustrated grapidcslly for the case xs=3, be®/2 in
Mg, 1. |

The ahove disoua‘nion is ﬁot strictly correct beczuse, in raslity, the
lines of principal aims in the necked spacixen are nol parzllel to one
another exoept at the rirdewm orosa-sestion. An exact tresteent using lows
of elssticlty would bs too gumbersome and it is felt that the correction to the
above Tormula would be small, At Lu'go £, where stress linse deviate most
from parallelicity, the tstal extension is very seail,

¢ e rr— e o e 4+

sBiadg

Skt Sa i i R T A Ea v A s

R WD 17y ST, ke

B e L. L Y= A A Ry I PRI S DRSSO D P T g



- T

b a— —— o

D Scande. D T IE IV SRR -

Fowe 2
‘Pigure 3
Pigure
Figure S
Figure 6
Pigure 7
Figure 8
Pigure 9
Figare 10

Figurs 11
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Pigure 13
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FIQURES
Sche=atic Representation of Apparatus used to msasurs the *yleld"

of small specimens,
swmcmurwmamamgam Fuh

speoinmmotrmodtothsmv&lmz 580 psi.

Typs.cal Interferogran tron am'fm ot a hrgo apoohu. A

lightly silvered segnment of a sphere iz used as the reference
nirror,

‘Load-kwmim cm for Speoinen )n-l. A.mm diametgr at neck

= 4S50 mierens, sestional arsa at neck s 0,157 ="

'*nol:l Strosg" = = 1600 gm/nz

02157 =
Load-Extension Curvs for Specimen MO-8. Average 4irzeter gt neck
& 2314 =lorons. On mtionﬂ.nruiznook = 0,036

"Tield Stress® = 56 ° 3300 gu/m

Load-Extension Curve for Specimen MO-¥, mego disneter !t. neck
2 160 miocrons. Gmo seational iivuzat neck = 0,026 mm
"Yield Stress* = nh5s = 1600 gm/mex

LA A d

Plot of log "Yield Stress" against log of Cross sectional area.
Orientation of Specimens.

Data outained by Makin on Cadmivm crystals.
Appearance of Typical Smell Specinen after Polishing.
Range of neck ahapz_a ;pm-atod by hyporbom.

Plot, showing uow necked specimens having various shapes (Ses Pig. 11)

would elongate a® 3 given load. Ths curves show that for the
hyperbolic shapes there is a nnim elongation ragardlm of
length of the arecimen. .

Curves illustraiiing that the functional relationship betwsen load
and elongation di= not changeci (exccpt for a constant fastor) when

a necked specimen is uséd jnntead of & speoimsa of wniform cross

sactional arsa.
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